The energy-dependent transport of ions across the blood-brain barrier and the blood-cerebro spinal fluid barrier by N a + ,K + -ATPase is credited with an important role in brain homeostasis. In this study, we have assessed the relative enrichment of Na+ ,K+ ATPase in regional brain capillary preparations and in the choroid plexus by the quantitative determination of the cardiac glycoside binding sites in these preparations using [3H]ouabain as a ligand. We find that ouabain binds spe cifically to brain microvessels of the rat and the pig and to the choroid plexus of the pig in a saturable manner. The maximum density of ouabain binding sites in brain microvessels of both species is about one-fourth that of It is now generally accepted that the volume and composition of the interstitial fluid of the brain and cerebrospinal fluid are very tightly regulated by en ergy-dependent active transport mechanisms lo cated in the endothelial cells of brain capillaries , which constitute the blood-brain barrier, and in the choroid plexus, which is responsible for the blood cerebrospinal fluid barrier (Bradbury, 1979). One of these important transport mechanisms involves the ouabain-sensitive , active K + transport , which has been demonstrated in isolated brain microvessels and choroid plexus (Eisenberg and Suddith , 1979; Goldstein , 1979) . Also , cytochemical methods have demonstrated Na + ,K + -ATPase activity in endothe lial cells of brain microvessels (Firth , 1977; Vor brodt et al. , 1982), and Betz et al. (1980) have fur-156 the crude membranes of the cerebrum and cerebellum. The density of ouabain binding sites in the pig choroid plexus is intermediate between that of the brain and brain microvessels. We do not find regional differences in oua bain binding to membrane fractions of the cerebrum and cerebellum, nor any significant differences in ouabain binding to cerebral and cerebellar microvessels. These findings provide quantitative estimates of Na + ,K + ATPase in brain capillaries and choroid plexus.
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ther localized most of this Na + ,K + -ATPase activity to the antiluminal membranes of brain capillary en dothelial cells.
The active transport of Na + and K + by Na + ,K + ATPase plays a most important role in the nervous system. It has been suggested that �50% of the oxidative energy metabolism of the inactive canine brain can be accounted for by the activity of Na + ,K + -ATPase in opposing K + and Na + leakage across cell membranes (Astrup et al. , 1981) . Thus , it is not surprising that neuronal and glial mem branes are richly endowed with Na + ,K + -ATPase activity (Franck et al., 1983) . However, the relative activity of Na + ,K + -ATPase in cerebral microves sels , compared with the activity of the enzyme in the surrounding tissue, has not been established.
Also unknown is whether regional differences in N a + ,K + -ATPase activity of brain microvessels exist. Because Na + ,K + -ATPase activity cannot be easily quantitated in membrane fractions of isolated brain microvessels owing to the high activity of oua bain-insensitive phosphatases (Chaplin et al. , 1981) , we have assessed the enzyme in regional brain cap-illary preparations by determining the cardiac gly coside binding sites in these microvessels using [3H]ouabain as a ligand. We report here that oua bain binds specifically and in a saturable manner to cerebral and cerebellar micro vessels of the rat and the pig. The density of ouabain binding sites and the dissociation constants were similar in cerebral and cerebellar microvessels. We also found that the maximal density of binding sites in brain microves sels of both species is about one-fourth that of the crude membrane fractions of the cerebrum and cer ebellum of the rat and the pig. The density of oua bain binding sites in the pig choroid plexus is inter mediate between that of the brain and brain micro vessels.
MATERIALS AND METHODS

Animals
Adult male Wistar rats (200-300 g) were used. Rats were housed under diurnal light conditions with unlimited access to food and water and were allowed a minimum of 5 days of acclimation before they were killed by de capitation. The brains were quickly removed and im mersed in ice-cold Ringer's buffer. Brains of adult pigs of both sexes were obtained from a local slaughterhouse immediately after exsanguination, placed in ice-cold Ringer's buffer, and transported to the laboratory on ice.
The cerebral cortical mantles and cerebellum of both species were dissected free of meninges and choroid plexus. These tissues were used to obtain microvessel and membrane preparations as described below. Partic ulate fractions were also prepared from the choroid plexus of pig brains.
Tissue preparations
Cerebral and cerebellar microvessels were isolated from both species by bulk separation using the method of Betz (1983) with minimal modifications. All procedures were carried at 0-4°C unless otherwise stated. In brief, the cerebral cortical mantle and cerebellum of one pig or the cerebral cortical mantles and the cerebelli pooled from 10 rats were homogenized in 10 vol of modified Ringer's buffer (buffer A) containing 147 mM NaCI, 4 mM KCI, 3 mM CaCI2, 1.2 mM MgCI2, 5 mM glucose, 15 mM HEPES buffer, and 1 % (wt/vol) bovine serum albumin, adjusted to pH 7.4. Homogenization was performed in a motor-driven glass-Te flon homogenizer with a clearance of 0.25 mm. After 20 up-and-down strokes at 420 rpm, the homogenate was centrifuged at 1,000 g for 10 min. The pellet was resuspended in 5 vol of the modified Ring er's buffer, now containing 15% (wt/vol) of Dextran 70 (buffer B). The suspension was centrifuged at 5,000 g for 20 min, and the floating material and supernatant were removed by aspiration. The pellet was resuspended in buffer A and filtered through a nylon mesh (l15 !-Lm). The filtrate, consisting of microvessels, nuclei, erythrocytes, and other debris, was passed through 2 x 2-cm columns of washed glass beads, 0.25 mm in diameter. The micro vessels adhere to the glass beads while the other contam inants passed unimpeded. Microvessels were recovered by repeated gentle agitation of the glass beads in buffer A and decanting.
The purity of the microvessel preparation was routinely checked by light microscopy. In some instances, the pu rity of microvessels was estimated biochemically by two methods. The first assessed the enrichment of microves sels with ),-glutamyl transpeptidase, a membrane-bound enzyme marker of endothelial cells of brain capillaries (Albert et aI., 1966) . )'-Glutamyl trans peptidase was as sayed by the method of Orlowski and Meister (1965) . The second method estimated the density of quinuclidinyl benzylate (QNB) binding sites in microvessel prepara tions, on the premise that microvessels are either devoid or only sparsely endowed with QNB binding sites, whereas neuronal and glial membranes are richly en dowed with them (Harik et aI., 1981) . QNB binding to cerebral microvessels was performed as described else where (Harik et aI., 1981) .
The rest of the microvessels were harvested by cen trifugation at 500 g; the supernatant was discarded and the microvessel pellet was washed two times with 10 mM Tr is buffer in a Brinkmann polytron to obtain a final tissue concentration of 0.5-1 mg protein/ml. The homogenate was frozen on dry ice and stored at -90°C overnight.
Cerebral and cerebellar tissues from both species were also frozen on dry ice, then weighed, thawed, and ho mogenized in 20 vol of 0.3 M sucrose solution containing 10 mM Tr is buffer, pH 7.4, using a glass-Teflon motor driven homogenizer. The homogenate was centrifuged at 1,000 g for 10 min, and the precipitate was discarded. The supernatant was centrifuged at 48,000 g for 40 min. This pellet was homogenized in 10 mM Tr is buffer, pH 7.4, using a Brinkmann polytron. The homogenate was centrifuged and resuspended in the same Tr is buffer to a concentration of 0.5-1 mg tissue protein/ml and used as the source of brain tissue membranes.
The choroid plexus was homogenized in 20 vol of 10 mM Tr is buffer, pH 7.4, in a Brinkmann polytron. The homogenate was treated in the same fashion as isolated brain microvessels.
Ouabain binding
Ouabain binding was performed as previously de scribed by Swann et al. (1981) with minor modifications. The volume of the reaction mixture was 0.25 ml con taining 2 mM Tr is-ATP (vanadium-free grade; Sigma Chemicals), 100 mM NaCI, 2 mM MgCI2, 10 mM Tr is buffer, pH 7.4, and varying concentrations of pH]ouabain (specific activity 18-21 Ci/mmol; New England Nuclear). The amount of tissue in the incubation mixture ranged between 20 and 50 !-Lg of protein for brain membrane prep arations and between 50 and 100 !-Lg for microvessels and choroid plexus. Incubation was carried out for 1 h at 3rC, and the reaction was stopped by the addition of 4 ml of ice-cold buffer. The samples were quickly filtered through Whatman glass fiber filters under reduced pres sure. The filters were washed three times with 4 ml of buffer, and the 3H content of the filters was determined by liquid scintillation spectroscopy in a Packard Tr icarb scintillation counter at -45% efficiency.
Specific binding was determined by subtracting the nonspecific binding, measured in parallel incubations in the absence of MgCl2 and ATP, from the total binding. The ratio of nonspecific to total binding varied with the concentration of ouabain in the incubation mixture but did not exceed 15%. Maximal binding (Bmax), expressed as pmollmg protein, and the dissociation constant (Kd), expressed as nM. were calculated according to Scatchard (1949) .
Protein was assayed according to the method of Lowry et al. (1951) using bovine serum albumin as a standard.
Statistical analysis was performed by one-way analysis of variance followed by Thkey's multiple comparison pro cedure. Significance was considered at p < 0. 05.
RESULTS
Evaluation of micro vessel preparations by light microscopy revealed segments of blood vessels with little contamination by debris, as previously described (Harik et aI. , 1981) . Blood vessels con taining smooth muscles in their walls constituted � 10% of the total. Biochemical correlates of the purity of the microvessel preparations showed that the activity of -y-glutamyl transpeptidase in micro vessels was 10-15 times higher than in the cere brum or cerebellum of the rat and pig. Also , the density of QNB binding sites in cerebral microves sels was only �5% of that in the cerebral cortex.
These results , indicating the relative purity of our microvessel preparations , are similar to those pre viously reported from our laboratory (Harik et aI. , 1981; Dick et aI. , 1984) .
Specific ouabain binding to regional brain mem brane and brain microvessel preparations was sat urable. Examples from the rat cerebral cortex and rat cerebral microvessels are presented in Fig. I . In all preparations , nonspecific binding constituted only a small fraction of the total binding. Scatchard plots showed a linear relationship , indicating a single class of binding sites in all the preparations used ( Fig. 1, inset) . The maximal number of binding sites and the dis sociation constant of the various preparations of the rat and the pig are presented in Ta bles 1 and 2, respectively. In both species , microvessels had about one-fourth the density of ouabain binding sites of the brain regions from which the microves sels were obtained. The differences between micro vessels and brain membrane preparations were sig nificant at p < 0.01. There were no significant dif ferences between the cerebrum and cerebellum of either species, nor were there differences between cerebral and cerebellar microvessels. The choroid plexus of the pig had an intermediate density of ouabain binding sites ( Table 2 ). The dissociation constants of ouabain binding were similar in the various preparations within the same species.
DISCUSSION
The endothelial cells of brain microvessels , with their unique tight junctions and high content of mi tochondria , are generally credited with the physio logical functions of the blood-brain barrier. Chief among these functions is the close regulation of the volume and ionic composition of brain interstitial fluid by energy-dependent active transport pumps [see review by Goldstein and Betz (1983) ]. The ac tive extrusion of K + from the brain to the blood and the corresponding entry of Na + from blood to brain are thought to be regulated , at least in part , by the membrane-bound enzyme Na + , K + -ATPase.
A similar mechanism has also been proposed for Values are means ± SEM. n, number of observations. Max imal binding (Bmaxl and dissociation constants (Kd) were calcu lated by the method of Scatchard (1949) . Statistical analyses of data by one-way analysis of variance showed no significant dif ferences in Bmax between a and b nor between c and d. However, a and c, and band d were significantly different at p < 0. 01 (Tukey). There were no significant differences between the Kd values.
cerebrospinal fluid formation by the choroid plexus (Wright , 1972) . Ouabain-sensitive Rb + uptake by isolated cerebral microvessels has been demon strated in vitro (Eisenberg and Suddith, 1979; Gold stein , 1979; Chaplin et aI. , 1981) , and the cytochem ical localization of the K + -dependent phosphatase activity associated with Na + ,K + -ATPase to the en dothelial cells of brain capillaries has been reported (Betz et aI. , 1980; Vorbrodt et aI. , 1982) .
Despite the detailed subcellular localization of Na + ,K + -ATPase in brain capillary endothelial cells (Betz et aI. , 1980) , there is a paucity of quantitative information regarding the relative specific activity of this enzyme in the membranes of microvessels obtained from different regions of the brain , in com parison with membrane fractions of whole-brain re gions. In this study, we utilized the specific binding of [3HJouabain to reflect quantitatively on the pres ence of N a + ,K + -ATPase enzyme molecules in these preparations. The results indicate that cere bral and cerebellar microvessels are significantly Values are means ± SEM. n, number of observations. Max imal binding (Bmaxl and dissociation constants (Kd) were calcu lated by the method of Scatchard (1949) . Statistical analysis of data by one-way analysis of variance showed no significant dif ferences in Bmax between the cerebral cortex and cerebellum; cerebral microvessels and cerebellar microvessels; or between the choroid plexus and any other tissue preparations. However, the cerebral cortex and cerebral microvessels, and the cere bellum and the cerebellar microvessels were statistically dif ferent at p < 0. 01 (Tukey). less endowed with ouabain binding sites than crude membrane preparations of brain tissue. Thus , Na + ,K + -ATPase is present in cerebral microves sels, but to a lesser extent than in neuronal and glial membranes. The choroid plexus has a density of ouabain binding sites that is intermediate between that of microvessels and brain membranes. Since the choroid plexus is composed of microvessels and secretory epithelial cells , we speculate that the higher density of ouabain binding sites in the cho roid plexus is due to a high specific activity of Na + ,K + -ATPase in epithelial cell membranes of the choroid. Our results also indicate that the crude membranes of the cerebral cortex and cerebellum have a similar density of ouabain binding sites and similar dissociation constants.
The question concerning the purity of isolated mi crovessel preparations should be addressed specif ically in studies of this nature (Harik , 1984) . Is it possible that the reported ouabain binding sites of brain microvessels are located on neuronal or glial contaminants of the microvessel preparations? This is most unlikely since microscopic and biochemical examination of the microvessels indicated that the degree of contamination did not exceed 5%. Such a small degree of possible contamination is not com patible with the possibility that ouabain binding sites of cerebral microvessels are due to contami nants.
